The objective of this study is to investigate the change in partition coefficient with a change in the concentration of the solute in a liquid system consisting of two relatively immiscible solvents. To investigate the changes in the partition coefficients, the data of the partition coefficients at infinite dilution and the ternary Liquid-Liquid Equilibrium (LLE) data at finite concentrations of the solute should be consistent. In this study, 29 ternary systems that are found in literature and for which the partition coefficients at infinite dilution and the ternary LLE data cannot be predicted accurately by the universal quasi-chemical (UNIQUAC) model are identified. On the basis of this model, some consistent and inconsistent ternary systems are introduced. Three inconsistent systems, namely hexane-butanol-water, CCl 4 (carbon tetrachloride)-PA (propanoic acid)-water, and hexane-PAwater, are chosen for detailed analysis in this study. The UNIQUAC activity coefficient model is used to represent these data over a range of concentrations. The results show large errors, exhibiting the inability of this model to correlate the data. Furthermore, some ternary systems in which cross behavior of solutes between two phases observed are identified.
INTRODUCTION
The concept of partition coefficient is used in various areas of applied science such as environmental science, separations, and pharmaceutics. Partition coefficients are used for various purposes. They are used for measuring equilibria, concurrent distributions, dissolution and partitioning rate of drugs, hydrophobic bonding ability and structure and activity parameters, aquatic toxicity, and biomagnifications. They are also used to estimate water solubility, adsorption and mobility in the soil, adsorption coefficient of soils and sediments, bioaccumulation in fish, and melting and boiling points. Further, partition coefficients play an important role in the study of hydrophile-lipophile balance (HLB), liquid ion-exchange media and ion-selective electrodes, risk assessment, transmembrane transport; they are also used in the modeling of the fate transport of pollutants. The partition coefficient (K sw ) of a solute is defined as the ratio of the concentration of the solute in a water-saturated solvent (organic) phase to the concentration of the solute in a solvent-saturated aqueous phase. Environmental scientists usually prefer using octanol/water partition coefficient (K ow ) to study the distribution of chemicals between water and lipids. However, in chemical thermodynamics, researchers usually refer to distribution coefficient (D sw ), which is the ratio of the mole fraction of a solute in an organic phase to its mole fraction in an aqueous phase. Both K sw and K ow are determined at a negligibly small concentration of the solute or alternatively at infinite dilution.
Partition coefficient is usually defined at the infinite dilution. It can also be predicted using ternary systems provided the two solvents are immiscible. It is expected that if a liquid state model can represent the ternary data well then it should also be able to predict the correct partition coefficient. The goal of this study is to check for such consistency in ternary systems (water-solute-solvent) by using the UNIQUAC model (Abrams and Prausnitz, 1975) . At very dilute concentrations, the solute mole fraction can be expressed as the product of the solute molar concentration and the molar volume of the respective phase.
The distribution coefficient is expressed as follows: Different models are available for correlating liquid-liquid equilibria. Some of the simplest and most effective models are the Margules, Van Laar, Redlich-Kister, and Black equations (Prausnitz et al., 1999) . These models often yield good results; however extrapolation to concentrations beyond the range of data or the prediction of ternary phase diagrams from only binary information should not be carried out using these models because the results are often not qualitatively correct. Local composition models such as NRTL (Renon and Prausniz, 1968) and UNIQUAC (Abrams and Prausnitz, 1975) have been proven to be superior to the above mentioned models for correlating binary and ternary liquidliquid equilibria as well as for predicting ternary phase diagrams from binary data. The UNIQUAC model has two adjustable parameters per binary. Abrams and Prausnitz (1975) showed that the UNIQUAC model performs reasonably well in predicting ternary diagrams from binary information as well as correlating ternary diagrams. Anderson and Prausnitz (1978) showed that the UNIQUAC model predicts ternary diagrams from binary information very well when binary vapor-liquid and liquidliquid equilibrium data are correlated simultaneously. Essentially, the UNIQUAC model is a twoparameter model and is of considerable use because of its wide applicability to various liquid solutions. In order to obtain better results for systems containing water and alcohols, Anderson and Prausnitz (1978) have empirically modified the UNIQUAC equation by using different values for the pure component area parameter, q, for water and alcohols in combinatorial and residual parts. In the UNIQUAC equation q represents pure-component molecular structure constants depending on molecular size and external surface area, combinatorial parts account for size and shape differences and residual parts account for energy differences among the molecules (Prausniz et al., 1999) . Nagata and Katoh (1981) have proposed another modified UNIQUAC equation for a variety of systems containing alcohols and water. However, there are some problems involved in the extension of systems with more than three components.
LITERATURE STUDIES AND COMPUTATIONAL WORK
Extensive collections of binary, ternary, and quaternary data are available in DECHEMA Chemistry Data Series by Macedo and Rasmussen (1987) and Sorensen and Arlt (1979 , 1980a , 1980b . Volume I of this series deal with binary systems and volumes II, III, and IV deal with ternary and quaternary systems. In the DECHEMA series, the common UNIQUAC parameters for almost all binary systems are mentioned. The common parameters for a binary system, A-B, are the UNIQUAC parameters that may be used in liquid-liquid equilibrium calculations for any system containing the components A and B. These parameters are regressed from mutual solubility data if the two components are partially miscible. When the two components are completely miscible, the parameters are regressed by considering a number of systems containing the binary pair of interest. In some cases, the UNIQUAC parameters regressed from vapor-liquid equilibrium data can be used as common parameters.
A large collection of logK sw is available in literature (Mackay et al., 1991) . On the basis of the availability of UNIQUAC parameters and logK sw , a number of ternary systems are selected for this study. For these systems, the calculated D sw values and the values obtained from literature (Hansch and Leo, 1979 ) are compared. In the case of some systems, the calculated values are in agreement with those obtained from literature, while in the case of some other systems, the values obtained by calculation and those obtained from literature differ by an order-of-magnitude. The former systems are referred to as consistent systems and the latter systems are called inconsistent systems. All computational work has been carried out using FORTRAN 77 and Absoft 10.1 as the compiler. The algorithm shown in Figure 1 was used for LLE calculation. Literature Dsw values were calculated from logK sw (Hansch and Leo, 1979) 
Fig. 1. Flowchart of ternary LLE calculation
Calculated D sw values were obtained from the ratio of activity coefficient of a solute in an aqueous phase to that of the solute in the solvent phase at infinite dilution when the solute-feed composition was extrapolated to zero (i.e., Z i =0). The UNIQUAC (Abrams and Prausnitz, 1975 ) equation used for calculations. The parameters of all binary pairs are obtained from literature (Sorensen and Arlt, 1980b ).
RESULTS AND DISCUSSION
From the investigated systems, 26 ternary systems have been found for which the distribution coefficient at infinite dilution and the ternary data at finite concentration could be related within the deviation of 1 order of magnitude (<100%) using the UNIQUAC model. Here deviation means, ( )
Deviation
. These systems have been classified as consistent systems (i.e., a ternary system for which the UNIQUAC parameters given in literature can be used to predict ternary data as well as partition coefficient at infinite dilution). 
In the case of some systems the distribution coefficient at infinite dilution and the ternary data at finite concentration were found to be deviated greater than 1 order of magnitude (>100%). These are classified as inconsistent systems. For these systems, the UNIQUAC parameters are not sufficient for predicting infinite dilution properties and finite ternary data simultaneously. For extensive analysis, the calculated D sw values of the ternary systems, namely, hexane-butanolwater, CCl 4 -PA(propanoic acid)-water and hexane-PA-water, were compared with the measured data. The data for these three systems only are available in literature (Sorensen and Arlt, 1979 , 1980a , 1980b at finite concentration; in our laboratory the data corresponding to very dilute region to finite concentrations are measured. Complete experimental procedures and ternary LLE data are reported in the theses of Javvadi (2000) and Rizvi (2003) . The parameters used for calculations for these three systems are listed in Tables 4 and 5 . Table 5 . Specific parameters Arlt1, 1980a, 1980b) The mole fraction of the solute in the solvent/water phase is plotted against the mole fraction of the solute in feed, as shown in Figures 2a, 2b , and 2c. In these figures, phase L 1 refers to top phase and phase L 2 refers to the bottom phase.
Hexane is the top phase and water is the bottom phase in hexane-butanol-water and hexane-PA-water systems since hexane is lighter than water. Water is the top phase and CCl 4 is the bottom phase in CCL 4 -PA-water system since water is lighter than CCl 4 . Using the plots shown in Figures 2a-2c , it can be clearly explained why there is an order-of-magnitude difference between the experimental and calculated D sw values. In Figure 2a , the ratio of the slopes of two most dilute butanol concentration in L 1 and L 2 phases is 1.42 (1.176/0.823). This is the experimental D sw (literature value: 1.45). On the other hand, the calculated D sw is 14.63. The inability to calculate acceptable D sw values confirms that the calculated results cannot represent experimental data at dilute concentrations. As seen in the figures, the calculated results do not improve even when the calculations are performed using specific parameters. The specific parameters are the UNIQUAC parameters fitted individually to each ternary system. Good predictions are obtained by using both common and specific parameters as the concentrations increase.
As shown in Figures 2b and 2c , the behavior of the UNIQUAC model is the same for both CCl 4 -PAwater and hexane-PA-water systems. The calculated results show large deviations at dilute concentrations, resulting an order-of-magnitude difference between the experimental and calculated D sw values. Interestingly, the behaviors of the solutes in these two systems show differ from that in hexane-butanol-water. The different behavior is called cross behavior.
In cross behavior, the initial solute concentration in the aqueous phase is higher than in the solvent phase, and upon increasing the mole fraction of the solute in both phases, the solute concentration in the solvent phase becomes higher than that in the water phase. The UNIQUAC model fails to represent this behavior, as can be seen clearly in Figure 2b . From the compilations of Macedo and Rasmussen (1987) and Sorensen and Arlt (1979 , 1980a , 1980b 45 ternary systems were identified that show cross behavior. These systems are listed in Table 6 . In fact, these are the systems in which the solutes are mainly lower alcohols (propanol, 2-propanol, etc.) and lower acids (formic acid, acetic acid, etc.). In the case of these systems, in the dilute concentration range, the solubility of the solute, i.e., lower alcohol or acid, in the aqueous phase becomes higher than that in the organic phase as the concentration increases. Since alcohols and acids are highly soluble in organic solvents, in higher concentration ranges, the solubility of lower alcohols/ acids in the organic phase solutes is much higher than that in the aqueous phase. This is known as cross behavior. Not all lower alcohols/acids used as solutes show this behavior; in particular, in the low-concentration range, the solutes are more soluble in nonaqueous solvents than in water. In this study we have investigated literature and calculated partition coefficients by UNIQUAC for a number of ternary systems and classified them into so-called consistent and inconsistent categories. For the consistent systems the results are within 1 order of magnitude while for inconsistent systems the deviations are even more than 8000% using both common and specific parameters and failed completely to predict the finite concentration and infinite dilution behavior simultaneously. Throughout this study we have also observed some cross behavior systems. Especially for the inconsistent systems it is very necessary to develop appropriate models that can represent the solute behavior in different concentration ranges from finite to infinitely dilute, and also can demonstrate cross behavior. In our series study we have already examined one of these systems, hexane -butanol -water, very extensively and have proposed a scheme to solve the issue by applying current existing models. However, rest of the systems is still kept rooms for the future researchers. 
